Abstract Root-soil interactions can strongly influence the soil solution chemistry in the rhizosphere. In the present study we propose a modification of the classical rhizobox/micro suction cup system to make it suitable for the collection and analysis of organic acids in the rhizosphere. In order to show the potential of the method, we tested the modified system with Lupinus albus L. as a model plant known to exude large amounts of citrate. The suction cups were installed through the transparent front plate of the rhizoboxes just after the emergence of cluster roots in order to allow optimal localized collection of soil solution. A small dead-volume allowed almost immediate stabilisation with formaldehyde of the sampled soil solutions in the collection container to prevent microbial degradation. The concentrations of organic acids were significantly larger in the rhizosphere soil solution of active cluster roots of Lupinus albus L. than in the bulk soil solution (about 400 lM of citrate versus < 0.05 lM). We were able to follow the exudation process in-situ, which occurred during 2-3 days. Also the concentrations of other organic acids and inorganic anions differed between the bulk soil and the rhizosphere of cluster roots, normal roots, and nodules.
Introduction
Active plant roots have been recognized to influence soil solution chemistry in their vicinity (Marschner 1995) . This rhizosphere differs in many aspects from the bulk soil due to root activity and higher microbial and fungal activities. Root exudation of low-molecular weight organic acids has been found to play an important role in the mobilisation and uptake of nutrients as well as the detoxification of harmful substances (Jones 1998; Marschner 1995; Ryan et al. 2001) . Most of our knowledge on the exudation of organic acids stems from studies in hydroponic systems (e.g., Neumann et al. 1999; Watt and Evans 1999) or soil extracts (e.g., Dinkelaker et al. 1989; Gerke et al. 1994; Jones and Darrah 1994; Li et al. 1997 ). However, roots in hydroponic systems can behave differently compared to natural conditions in soils (Marschner 1995) . Very little is known about the behavior of organic acids in soil solution in terms of mobility and degradability. Thus, there is a large need for in-situ studies in soils.
The use of micro-techniques for the collection of soil solution enables non-destructive in-situ observation of soil solution chemistry at high spatial and temporal resolution (Grossmann and Udluft 1991) . By contrast, obtaining the soil solution by soil sampling followed by centrifugation or by extraction with water or salt solution is operationally strongly biased, and, because sampling is destructive, does not allow for time studies (Wolt 1994) . Soil solution investigations at the microscale started in the 1990s with the miniaturization of the sampling probes (Gö ttlein et al. 1996; . Later, micro suction cups were used in conjunction with rhizotrones, also called rhizoboxes, that allow observing the development of root systems through a transparent front plate (Dieffenbach et al. 1997 ). This approach allowed for the first time to monitor the soil solution chemistry with high spatial resolution for rhizosphere studies without destroying the soil structure. This technique has been used to study aluminium and nutrient chemistry in the rhizosphere in the laboratory (Arocena et al. 2004; Gö ttlein et al. 1999; Wang et al. 2004 ) as well as in the field (Braun et al. 2001; Gö ttlein and Matzner 1997; Hagedorn et al. 1999) . However, there are only a few in-situ studies of organic acids in soil solution. Concentrations of organic acids in forest floor leachates collected by means of zero-tension lysimeters were found to be between 1 and 50 lM (Krzyszowska et al. 1996; Strobel 2001) . Sandnes et al. (2005) observed low concentrations of organic acids ( < 1-80 lM for di-and tri-carboxylic acids) in a study comparing samples collected from rhizoboxes and microcosms planted with birch and spruce with samples from root windows installed in the field in the root zone of these trees. The rhizobox study showed higher concentrations of organic acids, which was related to a higher root and fungal density and activity. No comparison between rhizosphere and bulk soil solution and no stabilisation of the samples was done in this study.
The objective of this study was to test a modification of the classical rhizobox micro suction cup system design to obtain a better precision of the localized in-situ sampling of soil solution and, in addition, to minimize the risk of biodegradation in the sample. We chose Lupinus albus L. as a test plant because it is well known to exude high amounts of citrate into the rhizosphere by using special roots called cluster roots to cope with phosphate deficiency (Dinkelaker et al. 1995) .
Material and methods

Rhizobox
The rhizobox used in this study was adapted from the one introduced by Dieffenbach et al. (1997) . Each box had a length of 60 cm, a width of 15 cm and a depth of 1 cm in the main rooting compartment (inner volume around 900 cm 3 ). Only one seedling was planted per box. The front side of the rhizobox was covered with a transparent plate made from acrylic glass to allow visual observation of the development of the roots. The three other sides of the rhizobox were made from dark polyvinylchloride (PVC). The rhizobox was positioned at an angle of 30°to force the roots to grow along the transparent plate. The transparent side of the rhizobox was covered with a dark cardboard box to prevent light interference on root growth. The cardboard was removed only to observe the root development and to take samples. Seeds of Lupinus albus L. (''Weissblü hende Tellerlupine'' cultivar, Ufa AG, Switzerland) were pre-treated with 10% hydrogen peroxide (Liang and Li 2003) and then germinated in black garden soil for 1 week. Healthy plants were gently washed with deionised water to remove the organic black soil and transplanted into the rhizoboxes. We used a weakly acid loam from the top 20 cm of a Luvisol near Birr (Switzerland, pH 6.4 (0.01 M CaCl 2 ), 15.1 g/kg C org , 1.5 g/kg N tot , 49 mg/kg P available (Kuo 1996) , 862 mg/kg P org (Kuo 1996) , 36% sand, 49% silt, 15% clay). The soil was air dried, sieved (2 mm) and filled into the rhizoboxes at a bulk density of about 1.2 g cm -3 . 
Soil solution sampling
Samples were taken through the transparent front plate of the rhizoboxes and not from the back side ( Fig. 1) as in the original design by Dieffenbach et al. (1997) . This modification was made because in the rhizobox root growth is not necessarily restricted to the soil close to the front plate. Some roots can also grow along the backside of the box despite the 30°inclination of the boxes. The conventional way of installing the micro suction cups through the back side of the rhizobox does not allow to determine with certainty whether a sample represents rhizosphere or bulk soil solution. Installation of the cups through the transparent front plate assures that the ''active length'' of the micro suction cup of 5 mm is near the root of interest. To optimise the precise positioning of the suction cups, holes were drilled through the front plate at a given location well defined in terms of distance to a root just before insertion of the cups by using a hand drill. In order to sample the rhizosphere soil solution around cluster roots, the emergence of the rootlets was the starting point of sampling. Each cluster root was sampled for a period of 7-10 days, once a day for a period of 8 h. The sampling-free time of 16 h accounts for the need of the soil to reequilibrate, because each time soil solution is sampled, water is removed from the sampling site and the conditions for water and nutrient chemistry are changed (Vetterlein and Jahn 2004) . Micro suction cups were positioned around the cluster root at three different distances to get spatial information. The three layers of micro suction cups ( < 1 mm from the rootlet apex, 1-5 mm and 6-10 mm) were installed in such a way that the interaction between the individual cups was minimised. One millilitre syringes (Norm-Ject, Henke Sass Wolf, Tuttlingen Germany) connected to the micro suction cups were used to collect the soil solution ( Fig. 1) . About 20 ll of formaldehyde solution (>36.5% in water (Fluka)) were added to each syringe before the sampling to prevent microbial modification of the collected samples. In order to verify the ability of formaldehyde to keep the soil solution composition constant we analyzed different samples from 9 to 54 days after the first analysis. The concentrations of inorganic anions and organic acids did not change significantly over time (3.5% change in average within 54 days) thus proving the efficiency of the formaldehyde. Vacuum was applied once by pulling the piston of the syringe to its end position. With the type of syringe used, the piston remained at this position for the whole sampling period without or little fixing using adhesive tape.
Ceramic capillaries (pure aluminium oxide produced by Pl ceramic, D-07589 Lederhose Germany) were used as micro suction cup materials (Gö ttlein et al. 1996) . Pieces of 1 cm length were connected to Tygon tubes (R3607 0.89 mm (ID), 0.86 mm (wall thickness), (Ismatec, Glattbrugg, Switzerland)) and to a female luer connector (Fig. 1) . A smaller PTFE tube (Tube 13902267 1/32 · 0.25 mm (OmniLab, Mettmenstetten Switzerland)) was inserted into the Tygon tube to reduce the total dead volume to 4 ll. The tips of the capillaries were closed with hot glue (Pattex transparent sticks, Henkel, Germany). Each micro suction cup was tested for leaks. Different to the usual conditioning, the micro suction cups were first sterilized with ethanol. Also, to minimise adsorption of metals onto the suction cup materials, they were conditioned by passing up to 10 ml of autoclaved soil solution obtained by a batch soil water extract (soil/water ratio 1/10). Adsorption of low-molecular weight organic acids (Sandnes et al. 2005) or DOC around neutral pH (Rais et al. 2006 ) on these ceramic capillaries was reported to be negligible.
Soil solution analysis
For each soil solution sample, the sampling volume was recorded. The samples were analyzed for low molecular weight organic acids (LMWOA) (citrate, malate, oxalate, formate, acetate) and inorganic anions (sulfate, nitrate, and phosphate) using ion chromatography (Dionex autosampler system, AS 50 column, eluent generator: potassium hydroxide (1-60 mM), flow: 1.5 ml min -1 ) with 200 ll insert glass vials to reduce the sample volume. The pH was measured by an ion sensitive field effect transistor electrode (ISFET sensor, Sentron, Roden The Netherlands). For the cluster roots, the sampling period was divided into the three sub periods ''before'', ''during'' and ''after'' LMWOA exudation. ''During'' was defined as the period during which the concentration of citrate was increased 10-times above the background. During the experiment, 5 cluster roots were sampled. The soil solution in the rhizosphere of normal roots (along long roots and near lateral roots) and nodules as well as in the bulk soil (>2 cm from the nearest root) was also sampled. Statistical differences were tested using Student's t-test (Systat 11). Pearson correlation coefficients between the sampling volume and concentrations of organic acids and inorganic anions were calculated using Systat 11.
The formaldehyde added to prevent microbial degradation contains some impurities, mainly formate, acetate, and chloride with traces of some cations (Al, Mn, and Pb). For a soil solution sample of 400 ll these impurities correspond to a concentration of 150 lM formate, 28 lM acetate, and 5.4 lM chloride. Formaldehyde solution can also affect the pH measurement at small sampling volumes. Titration curves with formaldehyde were measured on soil water extracts to quantify this influence of formaldehyde on soil solution pH. All presented data were corrected for these contaminations of ions and the pH influence.
Results
Sampling volume
The average sample volume of soil solution collected in the vicinity of cluster roots was 300 ± 100 ll for a distance of less than 1 mm from the root, 450 ± 150 ll between 1 and 5 mm from the root, 500 ± 150 ll between 6 and 10 mm from the root, and 600 ± 100 ll in the bulk soil. This decrease towards the roots reflected the influence of root water uptake on the water content of the soil.
Overall, sampling volume and concentrations of organic acid and inorganic anions did not reveal any significant relationship. The Pearson r correlation coefficients were between -0.016 and -0.27. Figure 2a shows that nitrate concentrations were indeed independent of the sampling volumes. On the other hand, we found a trend to higher concentrations of organic acids such as citrate at smaller sampling volumes (Fig. 2b) . Since the sampling volume, however, was also correlated with the distance to the nearest roots, as is shown above, the highest concentrations of citrate were found close to the root.
Temporal variations of citrate in the rhizosphere of cluster roots
The release of substances from the roots to the rhizosphere refers to an exudation process. In the case of the cluster roots of white lupin, the exudation of organic acids will occur only during a limited period because of their restricted lifetime (Watt and Evans 1999) . Figure 3 shows the variation in citrate concentration of the rhizosphere solution of one cluster root over 11 days. For a period of 3-4 days, the citrate concentration in the region close to the cluster root quickly reached a maximum of sometimes up to 2 mM and then decreased again as rapidly as it rose.
During the exudation of citrate the pH of the rhizosphere soil solution dropped in average from 6.9 to 5.4 (Table 1 ). Figure 3 shows an example in which the pH around a single cluster root dropped from about 8 to 5.5 during exudation and remained at the lower value for the rest of the sampling period.
Comparison between rhizosphere and bulk soil solution
The composition of the soil solution samples differed strongly between the rhizosphere of white lupin cluster roots and bulk soil ( Table 1 ). The concentrations of citrate and malate were significantly higher near cluster roots than in the bulk soil. In contrast to the other organic acid anions, these two compounds were measured exclusively during the restricted time of exudation. The wide range of organic acid concentrations found in the vicinity of the cluster roots can be attributed to the exudation processes itself and the way we divided the sampling period into the three sub periods. The class ''during exudation'' also includes those data from the beginning and the end of the exudation process with small concentrations. Considering that the maximum values during the exudative burst were generally high and could reach up to 2 mM, this has resulted in the very wide range of concentrations reported in Table 1 . Fig. 2 Relationship between sampling volume and concentration of nitrate (a) and citrate (b) in the rhizosphere of white lupin at different distances from cluster roots Fig. 3 Temporal variation of citrate concentration and pH in the rhizosphere ( < 1 mm from cluster roots) of white lupin over 11 days. The presented results are for one single cluster root Also, the concentrations of acetate and oxalate were significantly higher in the cluster root rhizosphere during the exudation. But low concentrations of these two acids were also found in almost all other samples. Acetate and oxalate were also higher near the nodules than in the vicinity of normal roots and in the bulk soil. Although the number of samples was relatively small, it is very likely that the high acetate and oxalate concentrations near the nodules were related to the microbial activity in this symbiosis between plant and rhizobia.
Lower concentrations of nitrate and phosphate were found near the cluster roots compared to the bulk soil and, in addition, were smaller after than before and during the exudation burst. No difference between bulk soil and cluster root rhizosphere was found for sulfate. The rhizosphere pH of cluster root soil solution decreased following exudation and reached its lowest value measured in our experiment (Table 1) . Figure 4 shows the average spatial distribution of citrate around 5 cluster roots during the exudation burst. We observed a decrease in citrate concentrations with increasing distance from the cluster root. The concentrations at 1 mm distance from the root were higher than at greater distance.
Discussion
Sampling, zone of influence Let us consider that a sampling volume of 300 and 500 ll corresponds to a sampled soil volume of about 600 and 1000 ll, respectively, or a sampled soil cylinder around the suction cup with a diameter of about 1.2 or 1.6 cm, respectively. Then, the chemical composition of the samples represents about the average soil solution in this zone of influence. It thus consists of ''true'' rhizosphere soil solution in equilibrium with rhizosphere soil and roots but also soil solution that was transported from the bulk soil to the suction cup. If this soil compartment contains roots, these roots are ''flushed'' by the passing soil solution and exuded compounds are transported to the suction cup. The larger the sampling volume, the larger this influence becomes. Very small sample volumes on the other hand, allow for only a very restricted number of analyses and require very sensitive analytical methods (Puschenreiter et al. 2005 ). High sampling rates as in our experiment are not only disadvantageous. First of all, the chosen water tension allowed for a good growth of lupin in the soil that was used in this study. Furthermore, sufficient sample volume for the various chemical analyses could be collected in a relatively short time period. Short sampling periods allow for high temporal resolution, e.g., for assessing diurnal exudation cycles.
Considering the different relationships between sampling volume and concentration of nitrate and citrate, respectively, at different distances from cluster roots, we conclude that gradients in ion concentrations can effectively be related to root influence and that dilution effects can be neglected. However it is important to keep in mind that the sampling volume is very much dependent on the soil conditions surrounding the sampling site. In natural soils these conditions can be very heterogeneous and are partly responsible for the differences observed between different sampling sites. In our rhizobox system with a well mixed soil, however, this influence can be neglected.
The rhizosphere effect on soil solution concentration is limited in space. With increasing distance from the root system, the organic acid concentrations decrease and the inorganic anion concentrations (e.g., phosphate or nitrate) increase until they reach the bulk soil level. The observed decrease of citrate with distance from the cluster root does not represent, however, the equilibrium soil solution composition in the respective distance from the roots, but about the average concentrations of citrate within the zone of influence of the suction cups as discussed above. On the other hand, for the group of suction cups at a distance of 6-10 mm, for which the roots are just at the rim of the zone of influence, the citrate concentrations are still about one third of what is measured at a distance of < 1 mm. This indicates migration, either by diffusion or mass flow during sampling of exuded citrate away from the immediate vicinity of the rootlet apex, despite consumption by microorganisms and adsorption to soil matrix components.
In-situ detection of exudation by white lupin
In good agreement with results from hydroponic studies (Dinkelaker et al. 1989; Gerke et al. 1994; Neumann et al. 2000) we observed that citrate and malate are exuded by cluster roots of white lupin. Moreover, the time course of the citrate exudation observed in our experiment is consistent with results from hydroponic cultures (Hagströ m et al. 2001; Skene 2003; Watt and Evans 1999) . The rapid decrease of citrate following the exudative burst could be explained by microbial consumption, spatial diffusion in soil solution or sorption to soil matrix components (Jones 1998; Jones et al. 2003) .
Elevated microbial activity in the root zone probably contributed to the higher oxalate and acetate concentrations in the rhizosphere, because microbes are responsible for the production of a wide range of organic acids especially in situations where nutrients are limited (Rozycki and Strzelczyk 1986) .
Root exudation of organic acids has been found to play an important role in the mobilisation and uptake of nutrients (Jones 1998; Marschner 1995; Ryan et al. 2001) . Release of organic acids as well as acidification of the rhizosphere have been found to affect the availability and uptake of For the cluster roots, the sampling period was divided into the three sub periods ''before'', ''during'' and ''after'' organic acid exudation. ''During'' was defined as the period during which the concentration of citrate was increased 10-times above the background Plant Soil (2006) 286:99-107 105 mineral nutrients. This acidification can either be caused directly by the release of organic acids (Marschner 1995) or by concomitant H + -release (Jones 1998) . There is ample evidence of water soluble P depletion occurring in the vicinity of roots (Morel and Hinsinger 1999) . In addition, exchangeable phosphate liberated by exuded citrate is taken up at once. Furthermore nitrate is rapidly taken up in the rhizosphere due to the high demand for this essential macronutrient in plant nutrition (Jungk 2002) . As a difference, sulfate is only taken up by plants at a low rate (Marschner 1995) .
To conclude, we demonstrated that with our modified rhizobox micro suction cup system we were able to detect in-situ organic acids exuded from roots and to follow temporally an exudation process and its effect on soil solution chemistry. With this system we could also detect differences between bulk soil, rhizosphere of cluster roots, and rhizosphere of other roots (e.g., nodules). Moreover, to our best knowledge, this is the first time that the exudation of organic acids by white lupin has been shown in-situ in soil solution. Based on our results, the system is a good choice to study strong root exudation by single roots in-situ.
